Bacterial cell division requires the complex coordination of diverse cellular processes. A great deal is known about the temporal coupling of DNA synthesis to the division process (9, 15, (21) (22) (23) . The completion of a round of genome replication is essential for the initiation of a new cross wall. However, relatively little is known about the conditions that actually initiate cross wall formation (5) . The rate of peptidoglycan synthesis increases during cross wall formation (32, 33) as do the activities of murein hydrolases (3, 20) . The synthesis of a new cross wall depends upon the coordination of these processes with other membrane-associated processes such as lipopolysaccharide synthesis, membrane protein synthesis, and lipid synthesis.
Membrane lipids could be involved in the coordination of biosynthetic activities which produce cross walls. Lipids are essential for the activities of many membrane-bound enzymes (10) . Both the types and quantities of lipids can alter enzyme activity (10, 17, 18, 24, 41) . Membrane lipids are highly regulated in bacterial systems (11, 36) . Extreme alterations in membrane lipid composition have been shown to block the processing and proper insertion of some membrane proteins (13, 14) . The inhibition of lipid synthesis prevents the expression but not the synthesis of aminopeptidase N (29) . Changes in the total activity of specific murein hydrolases during the cell cycle (3, 20) may be the result of differential expression of hydrolase enzyme activity rather than a differential rate of synthesis of the hydrolase enzyme per se (31) . Such changes in the expression of enzyme activity could be the result of regulation involving the membrane lipids.
Ballesta and Schaechter (1), Starka and Moravova (40) , and Johnson and Grula (28) have demonstrated differences in the phospholipid compositions of dividing and division-inhibited cells. Daniels (12) reported a change in the rate of synthesis of phospholipids during the cell cycle of Bacillus megaterium. Recent studies have detailed cyclic changes in lipid synthesis and the lipid composition of intracytoplasmic membranes of Rhodopseudomonas sphaeroides during the cell cycle (16, 30) . Studies describing phospholipid synthesis during the division cycle in Escherichia coli are both ambiguous and contradictory. Churchward and Holland (8) and Ohki (34) have reported that phospholipid synthesis increases exponentially during the cell cycle. Daniels (12) , Hackenbeck and Messer (19) , and Pierucci (35) have reported a stepwise increase in the rate of lipid synthesis late in the cell cycle (1). Ohki (34) noted a stepwise turnover of phosphatidylglycerol during the division process. However, Zuchowski and Pierucci (42) concentration) plus azide (0.1 mM, final concentration) was added, and sampling was continued. When either thymidine or leucine was used as the label, sampling consisted of placing 0.1-ml portions on disks and processing the disks as described below. To examine lipid synthesis, 2-ml aliquots of 32PO42--labeled samples were mixed with 5 ml of carrier cells; lipids were extracted with chloroform and methanol and quantitated by liquid scintillation counting (26, 27) .
Measurement of DNA and protein synthesis. The relative rates of protein synthesis by various sizes of cells were determined radiochemically. Cells were uniformly labeled for five generations with L-[6-3H]-tryptophan (1 luCi/ml; 15 ug/ml) before inactivation of the culture and subsequent fractionation. Replicate samples (0.1 ml) were spotted on filter paper disks which were washed three times with 5% trichloroacetic acid, followed by three washes in 70% aqueous ethanol. Disks were dried, placed in scintillation vials, and counted in a Beckman liquid scintillation counter.
DNA To ensure that these treatments did not affect our fractionation of cellular lipids, both cell cultures and authentic lipid standards were chromatographed after having been treated with chloramphenicol plus azide or formaldehyde.
Neither of these agents affected the mobility of the lipids in various thin-layer chromatography systems employed.
Size (age)-dependent separation of cells. Separation of the cells into discrete fractions containing bacteria at various stages of the division cycle was accomplished by sucrose-gradient centrifugation of chemically inactivated cultures. Phase microscopic examination of the fractions indicated that small newly formed cells remained near the top of the gradient and contained few cross walls (Fig. 2) . Subsequent fractions contained larger cells with a higher frequency of cross walls (Fig. 2) . Figure 3 shows that the relative rate of DNA synthesis for both B/r (A) and TB4 (B) varied among the fractions in the gradient. DNA synthesis increased in the first third of the size fractions, with maximal synthesis occurring around fraction 5. The relative rate of synthesis of DNA decreased in the subsequent fractions except for a minor peak around fraction 9 or 10. The significance of this minor peak is unknown. During the latter third of this cycle, the rate of synthesis of DNA by the celLs declined. Lipid by other workers (18, 30) .
The relative rate of lipid synthesis was measured in each size fraction by pulse-labeling with 32PO42- (Fig. 4) Lipid synthesis in B. subtilis. By using the methods employed in the E. coli experiments, both the relative rate of phospholipid synthesis and the lipid/protein ratios of B. subtilis strain BR151 were determined. In B. subtilis, an increase in the rate of phospholipid synthesis was observed late in the division process. The time of this increase was coincident with the time of cross wall formation (Fig. 6) . Changes in the lipid/protein ratios of continuously labeled cells were also observed. Phospholipids were more abundant in the older, dividing cells than either the newly formed daughter cells or the midphase-growing cells (Table 1) .
DISCUSSION
Our results with cells which were labeled during an undisturbed division cycle were in excellent agreement with the results of Pierucci (35), Daniels (12) , and Hackenbeck and Messer (19) . The rate of lipid synthesis increased in a stepwise fashion during the cell cycle at a time near the initiation of a new cross wall. These results are in conflict with those of Churchward and Holland (8) , Ohki (34) The composition of the phospholipid head groups synthesized at different stages in the cell cycle remained constant in our studies, consistent with the results of Ohki (34) and Pierucci (35) . The composition of the acyl chains synthesized also remained constant, as did the composition of the phospholipid molecular species. Lipid composition is extensively regulated in E. coli in response to growth temperature. Acyl chain composition and polar head groups can alter the activities of membrane-bound enzymes (18, 24, 41 The rate of peptidoglycan synthesis increases during cross wall formation (32, 33) as do the activities of several murein hydrolases (3, 20, 25) . It appears likely that these changes in total enzyme activity result from changes in cell cycledependent enzyme expression rather than increased transcription of hydrolase enzymes per se (31) . Membrane lipids could be involved in this regulation of enzyme activity. At least two of the enzymes of peptidoglycan synthesis are known to be sensitive to changes in their lipid environment: the C-55 isoprenoid phosphokinase (17) and the muramyl-peptide translocase (41) . Lipid content has been shown to control the expression of another cytoplasmic enzyme, aminopeptidase N (29) . This enzyme continues to be synthesized in the absence of lipid synthesis but in an inactive form, which is activated by the restoration of lipid synthesis. Other enzymes involved in cross wall formation may also be affected by lipid content.
Rhodopseudomonas, Escherichia, and Bacillus species exhibit changes in the rate of lipid synthesis during the cell cycles. The commonality of this change suggests that it may represent an important feature of the bacterial cell cycle.
